Highly active antiretroviral therapy (HAART) can control HIV-1 replication 1,2 , but suboptimal treatment allows for the evolution of resistance and rebound viremia [3] [4] [5] [6] [7] [8] . A comparative measure of antiviral activity under clinically relevant conditions would guide drug development and the selection of regimens that maximally suppress replication. Here we show that current measures of antiviral activity, including IC 50 and inhibitory quotient, neglect a key dimension, the dose-response curve slope. Using infectivity assays with wide dynamic range, we show that this slope has noteworthy effects on antiviral activity. Slope values are class specific for antiviral drugs and define intrinsic limitations on antiviral activity for some classes. Nucleoside reverse transcriptase inhibitors and integrase inhibitors have slopes of B1, characteristic of noncooperative reactions, whereas non-nucleoside reverse transcriptase inhibitors, protease inhibitors and fusion inhibitors unexpectedly show slopes 41. Instantaneous inhibitory potential (IIP), the log reduction in single-round infectivity at clinical drug concentrations, is strongly influenced by slope and varies by 48 logs for anti-HIV drugs. IIP provides a more accurate measure of antiviral activity and in general correlates with clinical outcomes. Only agents with slopes 41 achieve high-level inhibition of single-round infectivity, a finding with profound implications for drug and vaccine development.
Highly active antiretroviral therapy (HAART) can control HIV-1 replication 1,2 , but suboptimal treatment allows for the evolution of resistance and rebound viremia [3] [4] [5] [6] [7] [8] . A comparative measure of antiviral activity under clinically relevant conditions would guide drug development and the selection of regimens that maximally suppress replication. Here we show that current measures of antiviral activity, including IC 50 and inhibitory quotient, neglect a key dimension, the dose-response curve slope. Using infectivity assays with wide dynamic range, we show that this slope has noteworthy effects on antiviral activity. Slope values are class specific for antiviral drugs and define intrinsic limitations on antiviral activity for some classes. Nucleoside reverse transcriptase inhibitors and integrase inhibitors have slopes of B1, characteristic of noncooperative reactions, whereas non-nucleoside reverse transcriptase inhibitors, protease inhibitors and fusion inhibitors unexpectedly show slopes 41. Instantaneous inhibitory potential (IIP), the log reduction in single-round infectivity at clinical drug concentrations, is strongly influenced by slope and varies by 48 logs for anti-HIV drugs. IIP provides a more accurate measure of antiviral activity and in general correlates with clinical outcomes. Only agents with slopes 41 achieve high-level inhibition of single-round infectivity, a finding with profound implications for drug and vaccine development.
A classic description of dose-response relationships is the median effect model based on mass action 9,10 (Equations 1 and 2 and or,
For inhibition of HIV-1 infection, f a and f u (equal to 1 -f a ) are the fractions of viruses affected and unaffected by the drug, D is drug concentration, IC 50 is the drug concentration that causes 50% of the maximum inhibitory effect and m is a slope parameter mathematically analogous to the Hill coefficient 11 , a measure of cooperativity in the binding of multiple ligands to linked binding sites. In this model, drug activity is determined by three parameters: IC 50, D and m. However, the widely used measures IC 50 and inhibitory quotient (IQ, the ratio of plasma drug concentrations to IC 50 ) 12,13 both ignore slope. On traditional semi-log plots, dose-response curves with different slopes appear similar, approaching 100% inhibition at high drug concentrations (Fig. 1a) . However, clinical outcome may depend on whether 99% or 99.99% inhibition is achieved 14 . Displaying the same data on a log-log plot reveals that drugs with the same IC 50 or IQ values but higher slopes achieve much greater inhibition at clinically relevant concentrations (Fig. 1b) . We therefore hypothesized that slope might have a substantial effect on antiviral activity.
To test this hypothesis, we obtained dose-response curves for anti-HIV-1 drugs using a single-round infectivity assay with a sensitivity able to detect infection of individual cells 15, 16 . CXCR4-pseudotyped wild-type viruses carrying GFP in the env gene were used to infect primary CD4 + T lymphoblasts, the principal target cells for HIV-1 in vivo. Infectivity was quantified by flow cytometry, and f u was calculated as the percentage of GFP + cells in the presence of drug normalized by the percentage of GFP + cells without drug. Using the median effect model (Equation 1), dose-response curves can be linearized (Fig. 1c) and IC 50 and slope can be determined (Supplementary Table 1 online) . We chose a single-round assay because it is not complicated by virus growth and evolution over a prolonged culture period, reflects the degree of instantaneous inhibition caused by the drugs and correlates more closely with mechanisms of drug action 17 .
Analysis of dose-response curves for anti-HIV-1 drugs gave a noteworthy result. Each drug class had a characteristic slope ( Fig. 1d and Supplementary Table 1) . The slopes of all nucleoside reverse transcriptase inhibitors (NRTIs) were B1, characteristic of noncooperative reactions (Fig. 1d) . Five structurally diverse integrase inhibitors also showed slopes close to 1 (Fig. 1d) . In contrast, the slopes for non-nucleoside reverse transcriptase inhibitors (NNRTIs) and fusion inhibitors were B1.7, whereas the slopes for protease inhibitors ranged from 1.8 to 4.5 (Fig. 1d) . Thus, antiretroviral drugs acting through different mechanisms show distinct slope values.
To include the influence of slope in a quantitative measure of antiviral activity, we developed a new index termed instantaneous inhibitory potential (IIP), which equals the log reduction in singleround infectivity at clinically relevant concentrations (Fig. 1e) . IIP is equivalent to log(1 / f u ) and can be calculated from Equations 3-5.
Here C min , C ave and C max represent steady-state minimum, average (area under the curve during dose interval / dose interval), and maximum plasma drug concentrations for the commonly recommended dose of each drug 18 . IIP incorporates all three parameters in the median effect model-IC 50 , D and m-into a single value with an intuitive meaning, the log reduction in infectivity. Initial studies showed that the IIP of different drugs varied substantially (48 logs) owing to the influence of slope (Fig. 1e) . For NRTIs, IIP values were r3.5 and within the dynamic range of the standard assay (Fig. 2a-c) . For example, clinical concentrations of zidovudine produce inhibition that is readily measured by collecting B50,000 live cell events (Fig. 2a) . For NNRTIs and protease inhibitors, the IIP values ranged from 2 to 10. Clinical concentrations of efavirenz produce inhibition that can only be measured with assays having a dynamic range of 45 logs. IIP values beyond the assay's normal dynamic range were determined by extrapolation (Fig. 2d-f) . efavirenz at clinically relevant concentrations can decrease singleround infection by 45 logs, as evidenced by the marked absence of GFP + cells (Fig. 2f) .
We next compared three indices of antiviral activity, IC 50 , IQ and IIP, for different classes of anti-HIV-1 drugs (Fig. 3) . There was no general difference in the range of IC 50 values for different classes (Fig. 3a) . For IQ, the NNRTI efavirenz had the highest value, but the IQ values for the protease inhibitor and NRTI classes overlapped (Fig. 3b) . However, when IIP was used for comparison, NNRTIs and most protease inhibitors gave much higher values than NRTIs (Fig. 3c) . This finding partially explains why the most effective initial HAART regimens include an NNRTI or protease inhibitor 14 . Particularly noteworthy was the finding that efavirenz and a subset of protease inhibitors produced 45 logs of inhibition at C ave , which is substantially greater than the inhibition produced by NRTIs, fusion inhibitors or integrase inhibitors. Most impressively, the protease inhibitors darunavir, indinavir and saquinavir produced 49 logs of inhibition at C max , largely as a result of high m values (Fig. 3c,d) . These drugs had slopes 43.5 (Fig. 1d) . The steepness of the dose-response curve, as captured in the m value, is a major factor leading to high IIP, as illustrated in contour plots of IIP as a function of m and IQ (Fig. 3d) . Thus, the slope parameter is a crucial missing dimension in the analysis of antiviral activity.
Although a high slope endows a drug with a high IIP, it also indicates extreme sensitivity to the changes in plasma drug concentration. For drugs with a high slope and a short halflife (t 1/2 ), such as indinavir and saquinavir, IIP drops quickly during the dosing interval and with missed doses (Fig. 4a and 24 ), efavirenz and darunavir (Fig. 4a) , consistently excel in clinical trials 14, [19] [20] [21] [22] .
Because antiviral activity is likely to be a major determinant of clinical outcome, we compared IIP values with clinical trial results (Fig. 4b,c) . We used IIP 24 as a measure of sustained antiviral activity and the HIV-1 treatment guidelines as a source of clinical outcomes 14, 19 . The guidelines recommend that initial HAART regimens consist of one drug from a select group of NNRTIs and protease inhibitors, the so-called 'column A' drugs, plus two NRTIs. Our analysis showed that the preferred column A drugs tended to have high sustained IIP (Fig. 4b) . In addition, drugs with high sustained IIP tended to show superiority over drugs with lower IIP in highquality randomized clinical trials ( Fig. 4c and Supplementary Notes). Furthermore, our results indicate that darunavir is superior to all available antiretroviral drugs on the basis of IIP, suggesting that darunavir-based initial HAART regimens may be uniquely effective. Preliminary results from the Artemis trial in treatment-naive subjects confirm this prediction 22 .
Our results demonstrate that IIP provides a more accurate in vitro pharmacodynamic measure of antiviral activity than the traditional measures because it takes into account the slope parameter. Nevertheless, IIP is only one factor in clinical outcome. It cannot be directly related to the initial decay rate of viremia, which depends on where in the viral life cycle the drugs act 23 , or the magnitude and durability of viral load suppression, which are influenced by multiple factors including pharmacokinetics, distribution, toxicity, adherence, drug interactions and barriers to resistance (Supplementary Notes). Although no in vitro assay can predict clinical outcomes, our results suggest that IIP may identify drugs with high antiviral activity in vivo.
Our data show that slope is characteristic of drug class. A mechanistic explanation can be found by reconsidering the concept of cooperativity in drug action. Although m 41 classically represents positive cooperativity between ligand binding sites on a multivalent T20  T1249   3TC  ABC  AZT  d4T  ddI  FTC  TDF   APV  ATV  DRV  IDV  LPV  NFV  SQV  TPV   L870812  RAL  DLV  TMC125  TMC278   GS9137 receptor 11 , multiple equilibria models based on mass action 24 and statistical models incorporating heterogeneity 25 can be applied to antiviral drugs and predict steep dose-response curves without the need to postulate interactions between binding sites (L.S. and R.F.S., unpublished data). For all forms of cooperativity leading to steep dose-response curves, the crucial requirement is participation of multiple copies of a drug target in the relevant step in the life cycle. Drugs like NRTIs and integrase inhibitors with m ¼ 1 (no cooperativity) target reactions in which a single molecular complex of enzyme with viral nucleic acid mediates a key step-nucleotide addition leading to chain termination or strand transfer [26] [27] [28] . Other reverse transcriptase or integrase molecules present are irrelevant. In contrast, NNRTIs and protease inhibitors target the enzymes themselves. Multiple copies of reverse transcriptase and protease participate in the processes of reverse transcription and virion maturation, respectively, allowing for a form of intermolecular cooperativity within the preintegration complex or the maturing virion. The lack of this form of cooperativity for NRTIs and integrase inhibitors results in m values of 1, thus imposing intrinsic limitations on IIP. Although there may be different mechanistic explanations for high slope values, our demonstration that the slope is a crucial determinant of drug activity is a general result that is an inevitable consequence of the dose-response relationship. This result may apply to all viral infections, as evidenced by the role of slope in the effectiveness of interferon-a treatment of hepatitis C virus infection 29 . Notably, these principles apply not only to antiviral drugs, but also to vaccineinduced effector mechanisms, including neutralizing antibodies, and any other drugs that target exponential processes, such as the growth of microorganisms or cancer cells.
METHODS
Drug preparation. We obtained raltegravir, L870812, L240, L525, GS9137, TMC125 and TMC278 from Merck. We obtained all other anti-HIV-1 drugs through the AIDS Research and Reference Reagent Program, Division of AIDS, National Institute of Allergy and Infections Diseases, US National Institutes of Health. Zidovudine, lamivudine, abacavir, didanosine, efavirenz, nevirapine, atazanavir, lopinavir, nelfinavir, tipranavir, darunavir, saquinavir, amprenavir, T1249, L240, L525, GS9137, TMC125 and TMC278 were dissolved in DMSO at 50 mM, aliquoted and stored at -20 1C. Raltegravir and L870812 were dissolved in DMSO at 6 mM, aliquoted and stored at -20 1C. Tenofovir, emtricitabine, stavudine and indinavir were dissolved in ddH 2 O at 50 mM, aliquoted and stored at -20 1C. Enfuvirtide (Roche) was dissolved in 0.1 M NaHCO 3 at 1 mM, aliquoted and stored at -80 1C. We serially diluted drugs in their corresponding solvents and kept their final solvent concentration in cell culture constant at 0.5%.
Virus stocks. We generated pseudotyped virus capable of single-round infection as described previously 15 . Briefly, we transfected HEK293T cells with a GFP-tagged, envelope-defective HIV-1 vector (pNL43-DE-EGFP) along with an HIV-1 CXCR4 envelope expression vector using Lipofectamine 2000 (Invitrogen) according to the manufacture's protocol. For experiments testing protease inhibitors, we replaced medium with RPMI1640 (Invitrogen) supplemented with 50% human serum (Gemini) and 10% FBS (Gemini) 6-7 h after transfection and then added drugs at this step. We chose to use 50% human serum to account for the protein binding of the drugs without compromising cell viability. At 48 h after transfection, we spun virus-containing supernatants at 335g for 10 min, filtered them through a 0.22-mm membrane to remove cell debris and used them for infection or stored them at -80 1C. For experiments testing other drugs, we replaced medium by RPMI1640 supplemented with 10% FBS only. At 48 h after transfection, we cleared cell debris as described above and harvested virus particles by ultracentrifugation at 100,000g at 4 1C for 2 h, aliquoted them and stored them at -80 1C. We standardized the amount of virus used for each experiment by p24 using an ELISA (Perkin-Elmer).
Single-round infectivity assay. We used a modified single-round infectivity assay to evaluate anti-HIV-1 drug activity 15, 16 . Briefly, we obtained peripheral blood mononuclear cells from healthy blood donors by Hypaque-Ficoll gradient centrifugation and activated the cells with phytohemagglutinin (0.5 mg/ml) and interleukin-2 (100 U/ml) for 3 d. We selected CD4 + T cells by magnetic beads (Miltenyi) and seeded them in a 96-well plate at 1 Â 10 5 cells per well in RPMI1640 supplemented with 50% human serum, 10% FBS, interleukin-2 (100 U/ml) and cytokine-rich supernatant. We added drugs other than protease inhibitors at this step and maintained them throughout the culture. We added standardized amounts of virus 16-18 h after the addition of drugs. This period was shown to be sufficient to allow optimal intracellular phosphorylation of NRTIs 15 . We carried out infection by 'spinoculation' at 1,200g, 30 1C for 2 h. We incubated infected cells at 37 1C for 3 d. We then washed cells and fixed them with 2% formaldehyde. We quantified infectivity as 14, 19 , with trial titles given beside each arrow. Solid arrows point toward drugs with superior virologic activity in head-to-head comparisons with the same background regimens. Broken arrows indicate a trend toward superiority not reaching statistical significance. Double-headed arrows indicate equivalent virologic outcomes.
the percentage of GFP + cells by FACS analysis (BD Bioscience). We did all of the experiments in triplicate with cells from at least three different donors. All healthy blood donors gave their informed consent, and the study was approved by the Institutional Review Board of Johns Hopkins University.
Analysis of dose-response curves. We obtained dose-response curves by normalizing the percentage of GFP + cells without drug treatment to 100%. We obtained the IC 50 and the slope (m value) from each dose-response curve by fitting data to the median effect model (Equation 1) through least-square regression analysis. We calculated IIP with Equations 3-5. We checked the consistency of slope and considered it constant with r 2 4 0.96. For some protease inhibitors such as lopinavir, the slopes of dose-response curves increase at higher concentration ( Supplementary Fig. 1 online) . In this case, we used the lowest slope for estimation of IIP. For raltegravir and L240, a lowlevel GFP expression from a small number of cells with unintegrated virus was apparent at high concentrations of the drug. To correct for this effect, we fitted the data to the following equation to obtain m act and x: Note: Supplementary information is available on the Nature Medicine website.
